The MER3 protein of Saccharomyces cerevisiae is required for crossover in meiosis and has been suggested to act at the initiation of homologous pairing and the resolution of Holliday junctions. The purified MER3 protein is a DNA helicase that translocates along singlestranded DNA in the 3 to 5 direction displacing annealed DNA fragments. Here, MER3 was found to be able to unwind various double-stranded DNA (dsDNA) substrates, including a 30-bp dsDNA with a 20-nucleotide 3-overhang, a 30-bp dsDNA with a 20-nucleotide 5-overhang, a 50-bp dsDNA with blunt ends, and a Holliday junction with 25-bp arms, each of which had a blunt end. Efficient unwinding of the 3-overhang substrate appeared to initiate by the binding of MER3 to the 3 single-stranded tail in a reaction that required six or more unpaired bases. Unwinding of the blunt end and 5-overhang substrates appeared to initiate at the blunt ends of these substrates. Unwinding of the Holliday junction was more efficient than the unwinding of the blunt and 5-overhang substrates and was influenced by Mg 2؉ concentrations that cause changes in the structure of the junction. Possible roles for Holliday junction unwinding in meiotic crossover are discussed.
The MER3 protein of Saccharomyces cerevisiae is required for crossover in meiosis and has been suggested to act at the initiation of homologous pairing and the resolution of Holliday junctions. The purified MER3 protein is a DNA helicase that translocates along singlestranded DNA in the 3 to 5 direction displacing annealed DNA fragments. Here, MER3 was found to be able to unwind various double-stranded DNA (dsDNA) substrates, including a 30-bp dsDNA with a 20-nucleotide 3-overhang, a 30-bp dsDNA with a 20-nucleotide 5-overhang, a 50-bp dsDNA with blunt ends, and a Holliday junction with 25-bp arms, each of which had a blunt end. Efficient unwinding of the 3-overhang substrate appeared to initiate by the binding of MER3 to the 3 single-stranded tail in a reaction that required six or more unpaired bases. Unwinding of the blunt end and 5-overhang substrates appeared to initiate at the blunt ends of these substrates. Unwinding of the Holliday junction was more efficient than the unwinding of the blunt and 5-overhang substrates and was influenced by Mg 2؉ concentrations that cause changes in the structure of the junction. Possible roles for Holliday junction unwinding in meiotic crossover are discussed.
In most organisms at least one crossover between every pair of homologous chromosomes is required for faithful segregation at the first meiotic nuclear division (meiosis I; for reviews, see Refs. [1] [2] [3] . A number of Saccharomyces cerevisiae genes have been shown to be required for normal levels of meiotic crossing over, but not for gene conversion; these include MSH4, MSH5, MLH1, MLH3, ZIP1, ZIP2, ZIP3, MER3, and EXO1 (4 -11) of which MLH1, MLH3, and EXO1 also function in DNA mismatch repair in mitotic cells (12) (13) (14) . Mutations in any of these nine genes result in a 50% or greater reduction in crossing over and consequently in increased levels of homolog non-disjunction and spore death. Mutations in ZIP1, ZIP2, ZIP3, and MER3 also cause a defect in meiotic progression and result in cell cycle arrest prior to meiosis I (4 -6, 9). In addition, in cases where it has been examined (i.e. ZIP1, MSH4, and MER3), mutations in these genes also cause defects in crossover interference and hence defects in the regulation of the distribution of crossovers along a chromosome (9, 15, 16) . Consistent with these results, mutations in the mouse MSH4, MSH5, MLH1, and EXO1 genes have been shown to cause defects in chromosome pairing and in cell cycle progression in meiosis (17) (18) (19) (20) (21) . 1 Overall, these results have been taken to suggest that the proteins encoded by MSH4, MSH5, MLH1, MLH3, ZIP1, ZIP2, ZIP3, MER3, and EXO1 function in a crossover-specific meiotic recombination pathway. Exactly how these proteins function to promote crossing over is unclear, although two types of mechanisms have been suggested: in one case the proteins act early in recombination to produce the intermediates that potentially result in crossovers, and in the other case they act to modulate the resolution of Holliday junction recombination intermediates to yield crossovers (22) (23) (24) (25) .
The MER3 protein is specifically expressed during meiosis where it is required for crossing over (9) . On the basis of sequence homology with proteins known to be DNA helicases, MER3 was predicted to be a DNA helicase. The purified MER3 protein was found to bind both ssDNA 2 and dsDNA and have potent ATPase activity that was stimulated either by ssDNA or dsDNA (26, 27) . The MER3 protein had DNA helicase activity and unwound 50-, 100-, and 631-nt fragments annealed to M13mp18 single-stranded circular DNA in a reaction that required ATP and Mg 2ϩ . Unwinding of the 100-and 631-nt fragments required high amounts of MER3, although relatively low amounts of MER3 could unwind the 100-and 631-nt fragments in the presence of ssDNA-binding proteins, either S. cerevisiae RPA (28) or Escherichia coli SSB (29) . The polarity of the MER3 helicase was determined to be 3Ј to 5Ј relative to the single-stranded regions of the helicase substrates. On the basis of these properties, it was suggested that MER3 could function in recombination by promoting the initial unwinding of recombination substrates, by driving strand exchange promoted by RAD51 (30) and DMC1 (31, 32) , or possibly by catalyzing branch migration of Holliday junctions. In the present study we have investigated the interaction between MER3 and defined DNA substrates including a Holliday junction with 25-bp arms with blunt ends, a 50-bp dsDNA with blunt ends, a 30-bp dsDNA with a 20-nt 5Ј-overhang, and a 30-bp dsDNA with a 20-nt 3Ј-overhang. MER3 was found to unwind these substrates with a substrate preference of 3Ј-overhang Ͼ Holliday junction Ͼ blunt end Ͼ 5Ј-overhang. Possible roles for such unwinding reactions in recombination are discussed.
MATERIALS AND METHODS
Preparation of MER3 Protein-The MER3 protein tagged with a FLAG epitope at the C terminus that was previously shown to complement a mer3 deletion mutant (27) was overexpressed in yeast cells and purified by binding to FLAG affinity gel (Sigma) followed by sequential chromatography on Mono Q HR5/5, HiTrap heparin, and Mono S HR5/5 (Amersham Biosciences) columns, as previously described (26, 27) . The final protein preparations were greater than 98% pure MER3.
DNA Substrates-The sequences of the oligonucleotides used are shown in Table I . To prepare the Holliday junction blunt, 3Ј-, and 5Ј-overhang substrates (Fig. 1) , and the Holliday junction derivative containing one mispaired base in each arm at the junction (Fig. 5C , HJ MIS ), oligonucleotide T70 was 5Ј-end-labeled with [␥-32 P]ATP (PerkinElmer Life Sciences) and T4 polynucleotide kinase (New England Biolabs). The labeled DNA was mixed with 2ϫ concentrations of other oligonucleotides (T71, T72, and T73 for the Holliday junction substrate; T74 for the blunt substrate; T76 for the 3Ј-overhang substrate; T75 for the 5Ј-overhang substrate; T88, T89, and T90 for the HJ MIS substrate) in annealing buffer (10 mM Tris-HCl (pH 7.6), 1 mM EDTA, 0.5 M NaCl), heated to 94°C for 5 min, then cooled down to 20°C over a 2-h period. The annealed DNAs were separated by 10% polyacrylamide gel electrophoresis (PAGE) (60:1 acrylamide/bisacrylamide) in TBE (90 mM Tris borate, 2 mM EDTA). The DNA was recovered by soaking the excised band in elution buffer (0.5 M NaCl, 0.6 M sodium acetate, 1 mM EDTA) overnight at 4°C followed by extraction with phenol/chloroform and precipitation with ethanol. The recovered DNA pellet was dissolved in suspension buffer (10 mM Tris-HCl (pH 7.6), 250 mM NaCl), and the concentration of the purified DNA was determined using a DNA DipStick™ (Invitrogen). The DNA substrates containing different lengths of a poly(dA) 3Ј-tail (Fig. 4 , B and C) were prepared as described above, except that oligonucleotide BOT was 5Ј-end-labeled and annealed to TOP, TOP2, TOP3, TOP4, TOP6, TOP8, TOP12, or TOP20.
Gel Mobility Shift Assays-Indicated amounts of the MER3 protein and 0.8 nM DNA (concentrations are in terms of moles of molecules) were incubated in 20-l volumes of DNA binding buffer (20 mM TrisHCl (pH 7.6), 50 mM NaCl, 2 mM dithiothreitol, 100 g/ml bovine serum albumin). After incubation for 30 min on ice, 5 l of loading buffer A (40 mM Tris-HCl (pH 8.0), 25% glycerol, 400 g/ml bovine serum albumin) was added to the binding reaction. The DNA protein complexes were analyzed by electrophoresis through non-denaturing 5% polyacrylamide gels (19:1) run in low ionic strength buffer (6.7 mM Tris-HCl (pH 8.0), 3.3 mM sodium acetate, 2 mM EDTA), and the 32 P-labeled DNAcontaining bands were visualized with a PhosphorImager (445 SI, Molecular Dynamics).
DNA Helicase Assays-The indicated amount of protein and 1 nM DNA substrate (concentration is in moles of molecules) were incubated in 20-l volumes containing DNA helicase buffer (20 mM Tris-HCl (pH 7.6), 10 mM NaCl, 2 mM dithiothreitol, 100 g/ml bovine serum albumin, 1.5 mM MgCl 2 , 2 mM ATP). The NaCl and MgCl 2 concentrations and both the divalent cation and nucleotide type were varied in individual experiments as indicated. All reactions were preincubated at 30°C for 5 min, started by the addition of MER3 protein, and then incubation was continued for 30 min. Reactions were stopped by the addition of 5 l of stop buffer (50 mM Tris-HCl (pH 7.6), 50 mM EDTA, 2.5% SDS) and 0.5 l of 25 mg/ml proteinase K, followed by incubation at 37°C for 10 min. For time courses, 110-l reactions were performed, and aliquots of 5 l were withdrawn at the indicated time points and mixed with 2.5 l of stop buffer and 0.25 l of 25 mg/ml proteinase K. The DNA products were analyzed by electrophoresis through non-denaturing polyacrylamide gels run in Tris borate/EDTA (TBE). The gels were dried, and the radiolabeled DNA was visualized using a phosphorimager.
RESULTS
The ability of MER3 to bind to different DNA substrates was analyzed using gel mobility shift assays. The DNA substrates analyzed were a model Holliday junction with 25-bp arms, each of which had a blunt end, a 50-bp dsDNA with blunt ends, a 30-bp dsDNA with a 20-nt 3Ј-ssDNA overhang, and a 30-bp dsDNA with a 20-nt 5Ј-ssDNA overhang ( Fig. 1, A-D) . Incubating each of these DNA substrates with increasing amounts of MER3 resulted in the production of specific, more slowly migrating protein-DNA complexes ( Fig. 1 , E-H). We do not know if the multiple, slow-migrating DNA species formed represent the binding of multiple MER3 molecules or different DNA conformations. However, since the relative proportion of the slowly migrating species increases as the protein concentration increases, where there are excess amounts of MER3 over DNA substrates ( Fig. 1 , E-H, lanes 3 and 4), it seems possible that these forms require binding of multiple MER3 molecules. The relative affinity of MER3 for each of the DNA substrates appeared to be similar.
To determine if MER3 could unwind the Holliday junction substrate, MER3 DNA helicase assays were performed with either the Holliday junction substrate (Fig. 1A) or the dsDNA substrate with a 3Ј-overhang (Fig. 1C ). Reactions were performed with different divalent cations and different nucleotide cofactors (Fig. 2) . MER3 converted the Holliday junction to a mixture of partially unwound Y-junctions and completely unwound ssDNA and converted the dsDNA with a 3Ј-overhang to ssDNA. These unwinding reactions required a divalent cation, of which MgCl 2 and MnCl 2 were equally effective at the concentration tested. A small amount of unwound product was observed in the presence of CaCl 2 , and no unwound product was observed in the presence of ZnCl 2 at the concentration tested. ATP and dATP were equally effective at supporting the unwinding reaction, whereas ATP␥S and ADP did not support unwinding at the concentration tested. No difference in the requirement for divalent cations and nucleotides was observed for MER3-dependent unwinding of the Holliday junction and the 3Ј-overhang substrates under the reaction conditions used. These results clearly indicate that MER3 can unwind a Holli- 
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day junction in addition to unwinding a dsDNA with a 3Ј-overhang.
To better characterize the MER3 DNA helicase activity, the ability of MER3 to unwind the Holliday junction, blunt end dsDNA and 3Ј-and 5Ј-overhang substrates (Fig. 1, A-D) was studied as a function of MER3 concentration (Fig. 3, A and B ) and incubation time (Fig. 3, C and D) . All four substrates were unwound by MER3, and all of the unwinding reactions showed a relatively similar time course and protein concentration dependence. Under the reaction conditions used (Fig. 3) , multiple DNA substrates were unwound per MER3 monomer; note that the active species of MER3 is thought to be an oligomeric form, although the exact species is not known because MER3 appears to exist as a heterogeneous mixture of different oligomers (26, 27) . Based on the results, MER3 appeared to have a substrate preference of 3Ј-overhang Ͼ Holliday junction Ͼ blunt Ͼ 5Ј-overhang. The same preference was observed in the reactions containing a higher concentration of MER3 (2.5 nM) that were incubated for a longer period of time (60 min) where 100% unwinding of the Holliday junction was observed; under conditions where the Holliday junction was 100% unwound, the extent of unwinding of the blunt-end substrate observed never exceeded 50%, a finding similar to the results shown in Fig. 3  (data not shown) . The observation that the 3Ј-overhang substrate is the preferred substrate is consistent with previously published results showing that the MER3 helicase acts by binding to ssDNA and translocating along it in the 3Ј to 5Ј direction displacing hybridized ssDNA fragments (26) . Given this polarity and the fact that apparently MER3 can initiate unwinding from a blunt end, it is not surprising that the 5Ј-overhang substrate was the least preferred substrate; compared with the other substrates where each end could serve as an entry site, the 5Ј-overhang substrate likely has only one end that can serve as an entry site since binding to the 5Ј-overhang would result in unproductive translocation off of the substrate.
The observation that MER3 could initiate unwinding from a blunt end was possibly unexpected given previous results that MER3 binds ssDNA and translocates along it. The mechanism of unwinding from blunt ends was investigated further by examining the effect of NaCl on the unwinding of each of the four substrates (Fig. 4A) . Unwinding of the 3Ј-overhang substrate was unaffected by the addition of 150 mM NaCl. In contrast, unwinding of all of the other substrates was significantly inhibited by the addition of 150 mM NaCl. Since 150 mM NaCl does not inherently inhibit MER3 helicase activity, one explanation for this effect is that unwinding from blunt ends requires transient denaturation (i.e. breathing) of the ends, and the inhibitory effect of 150 mM NaCl is caused by stabilization of the blunt ends. Because breathing would not be expected to produce large regions of ssDNA, the size of the 3Ј singlestranded overhang required for efficient unwinding of the 3Ј-overhang substrate was studied in the presence of 150 mM NaCl (Fig. 4, B and C) . Substrates containing 2, 3, or 4 dA residues of 3Ј-overhang were all unwound with the same efficiency as a blunt-ended substrate, whereas substrates containing 6, 8, 12, and 20 dA residues of 3Ј-overhang were all unwound with significantly increased, but identical efficiency. This indicates that MER3 requires a short (not more than six nucleotides) single-stranded region to serve as an entry site to initiate unwinding. Such a small entry site size is consistent FIG. 1 . Binding of MER3 to model DNA substrates. Illustrated are the DNA substrates used in this study including the Holliday junction substrate (A), the blunt end substrate (B), the 3Ј-overhang substrate (C), and the 5Ј-overhang substrate (D). Sequences of oligonucleotides used to prepare the DNA substrates are shown in Table I (see also "Materials and Methods"). The lengths of single-and doublestranded regions are indicated. Positions of 32 P-labeled 5Ј-ends of oligonucleotides are indicated as an asterisk. The Holliday junction substrate has a 12-bp core homology region that allows branch migration of the junction; this substrate is the same as the previously described J12 junction (55) , except that an extra base was added to the oligonucleotides, as appropriate, to eliminate the one base 5Ј-overhang that was originally present at the end of the arms. E-H, the interaction between the DNA substrates and increasing amounts of MER3 (0, 0.5, 2, and 8 nM) were examined under conditions described under "Materials and Methods."
FIG. 2. Unwinding of the Holliday junction and the 3-overhang substrates in the presence of different cations and nucleotides.
A and B, MER3 DNA helicase reactions were carried out in the presence of 0.5 mM MgCl 2 , ZnCl 2 , MnCl 2 , or CaCl 2 as indicated. Reaction mixtures contain 1 nM (expressed as moles of molecules) DNA substrates, 2 mM ATP, and 0.05 mM EDTA. After preincubation at 30°C for 5 min, reactions (20 l each) were initiated by the addition of 1.6 nM MER3 and further incubated for 30 min. The reaction was terminated by the addition of 5 l of stop buffer (see "Materials and Methods") and 0.5 l of 25 mg/ml proteinase K, followed by incubation at 37°C for 10 min. DNA products were separated by electrophoresis through 10% non-denaturing polyacrylamide gels run in 1ϫ Tris borate/EDTA (TBE) buffer, and the P 32 -labeled fragments were detected using a phosphorimager. The Holliday junction (A) or 3Ј-overhang (B) were used as DNA substrates in helicase reactions. C and D, MER3 DNA helicase reactions were carried out in the presence of 2 mM ATP, ATP␥S, dATP, or ADP as indicated. Reactions are essentially the same as described above, except that all reactions contained 0.5 mM MgCl 2 . The Holliday junction (C) or 3Ј-overhang (D) were used as DNA substrates in helicase reactions. HJ, the Holliday junction substrate.
with the observation that MER3 can unwind blunt-ended substrates more efficiently at low, but not high, NaCl concentrations. However, it should be noted that high NaCl concentrations also affect the configuration of model Holliday junctions (33) (34) (35) (36) raising the possibility that the affect of NaCl on unwinding of the Holliday junction could reflect effects on both the ends of the substrate and the junction itself (see "Discussion").
MER3 unwound the Holliday junction substrate 2-3ϫ more efficiently than the dsDNA with blunt ends (Fig. 3, B and D) . However, this is an underestimate of the relative efficiency of unwinding if unwinding can only initiate from the ends, because unwinding the dsDNA with blunt ends only requires initiating unwinding from one end, whereas fully unwinding a Holliday junction likely requires initiating unwinding from as many as three ends. This analysis suggests that a Holliday junction could be unwound by a different mechanism than a dsDNA with blunt ends. To investigate the mechanism of unwinding further, a titration of MgCl 2 concentration versus unwinding was performed (Fig. 5, A and B) . Unwinding of both the 3Ј-overhang and blunt substrates was essentially maximal at 0.5 mM MgCl 2 , and MgCl 2 concentrations up to 5 mM resulted in the same level of unwinding. Unwinding of the 5Ј-overhang substrate increased in MgCl 2 concentrations of up to 2 mM, above which activity would plateau. Unwinding of the Holliday junction showed a completely different dependence on MgCl 2 concentration. Unwinding steadily increased until maximal activity occurred at 1.5 mM MgCl 2 ; this level of unwinding was 2-3ϫ higher than observed for the blunt dsDNA substrate at the same MgCl 2 concentration. Above 1.5 mM MgCl 2 , the extent of unwinding decreased until a plateau was reached at MgCl 2 concentrations of 3 mM and above; in the plateau region, the efficiency of unwinding the Holliday junction was the same as with the blunt-end substrate. Because the MgCl 2 -dependent MER3 activity peak observed with the Holliday junction substrate does not correspond to an effect on MER3 helicase activity, it seems likely that the MgCl 2 effect reflects an effect of MgCl 2 concentration on the conformation of the Holliday junction substrate. Indeed, it is well known that MgCl 2 and other salts have significant effects on the conformation of the types of Holiday junctions used here as substrates (33, 34) . To further analyze such junction effects, a Holliday junction was constructed by modifying the core sequence of oligonucleotides T88, T89, and T90 so that the junction could not branch migrate and contained one mismatched base pair (C:T) in each arm at the junction. A titration of MgCl 2 concentration versus unwinding was then performed using the modified Holliday junction substrate (HJ MIS ) (Fig. 5, C and D) . Unwinding of the HJ MIS substrate did not show the MgCl 2 optimum of the fully paired Holliday junction but, rather, the MgCl 2 titration was essentially the same as seen with the 3Ј-overhang and bluntend substrates. A, the amount of DNA unwound in the presence of 150 mM NaCl compared with that in the presence of 10 mM NaCl. Reactions contained 1 nM DNA substrates (expressed as moles of molecules) and 0.4 nM MER3. In the case of the Holliday junction, DNA unwound contains Y-junction and ssDNA. The value is the mean of two sets of experiments, and the error bar shows the standard deviation. B, illustrated is the DNA substrate containing a 30-bp double-stranded region and poly(dA) 3Ј single-stranded overhang. The position of the 32 P-labeled 5Ј-end of oligonucleotide BOT is indicated as an asterisk. C, the percentage of DNA unwound was measured using the DNA substrate containing various lengths of 3Ј single-stranded overhang. Reactions contain 1 nM DNA substrates (expressed as moles of molecules), 150 mM NaCl, and 0.4 nM MER3. The value is the mean of three sets of experiments, and the error bar shows the S.D.
DISCUSSION
In the present study, we have extensively characterized the ability of the MER3 DNA helicase to unwind model DNA substrates constructed with oligonucleotides. The MER3 protein was able to unwind double-stranded DNA substrates, including a 30-bp dsDNA, with a 20-nt 3Ј-overhang, a 30-bp dsDNA with a 20-nt 5Ј-overhang, a 50-bp dsDNA with blunt ends, and a Holliday junction with 25-bp arms, each of which had a blunt end. The 30-bp dsDNA with a 20-nt 3Ј-overhang was unwound with the greatest efficiency consistent with previous results showing that the MER3 helicase acts by translocating along single-stranded DNA in the 3Ј to 5Ј direction (26) . MER3 also appeared to be able to initiate unwinding from blunt ends at reduced efficiency, possibly by binding to transient singlestranded regions produced at the ends by breathing. Consistent with this, only a short 6-nt or longer 3Ј single-stranded overhang was required for maximal unwinding of 3Ј-overhang substrates. The 5Ј-overhang substrate was also a substrate for MER3, although it was the least efficient substrate. This unwinding was likely due to initiation on the blunt end, because initiation on the 5Ј-overhang would result in non-productive translocation off of the substrate. MER3 could unwind Holliday junction substrates with a greater efficiency than the 50-bp blunt-end dsDNA substrate. Given that it should require three separate initiation events to unwind a Holliday junction from the ends compared with one initiation event for the blunt end dsDNA substrate, the Holliday junctions were clearly preferred substrates for MER3 compared with the blunt-end dsDNA substrate. The observation that MER3 can unwind Holliday junctions places MER3 in a class of DNA helicases that function in recombination and repair including E. coli RuvAB (37, 38) and RecG (39, 40) , bacteriophage T4 gene 41 protein in the presence of gene 59 protein (41), S. cerevisiae SGS1 (42) and mammalian BLM (43) , and WRN (44, 45) .
Holliday junctions, like the ones studied here, undergo conformational changes that are modulated by cations like Mg 2ϩ (33) (34) (35) (36) . In the absence of Mg 2ϩ , these junctions exist as planar-X structures. As the Mg 2ϩ concentration is increased to 80 M, these structures undergo a change to a stacked-X configuration (34) , which is the configuration recognized by Holliday junction resolution enzymes. As the Mg 2ϩ concentration is increased, the stability of the stacked-X configuration increases progressively because the Mg 2ϩ ions counterbalance the negative charges of the DNA backbone allowing the DNA arms to stack more tightly on each other. Ions such as Na ϩ induce the same changes, albeit at a higher concentration. When mispaired bases are introduced at the base of the junction, significantly higher Mg 2ϩ concentrations are required to induce the planar-to stacked-X conformational change (46) . The titration of MgCl 2 concentration versus MER3 catalyzed unwinding of the fully base paired Holliday junction showed an unusual optimum at 1.5 mM MgCl 2 . This does not correspond to an effect of Mg 2ϩ on MER3 helicase activity using DNA substrates other than a Holliday junction and is thus likely to represent an effect of Mg 2ϩ on Holliday junction structure. Because of the presence of ATP in the DNA helicase reactions, it is difficult to know the free Mg 2ϩ concentration in the Mg 2ϩ titrations performed here. However, given the ATP concentration of 2 mM, the amount of free Mg 2ϩ present at the 1.5 mM Mg 2ϩ activity peak is likely to be quite low and in the range where the planarto stacked-X conformational change occurs. Likewise, the inhibition of unwinding seen at higher Mg 2ϩ concentrations likely represents stabilization of the stacked-X structure that occurs at high Mg 2ϩ concentrations. The observation that introducing mispaired bases in each arm at the junction significantly alters the Mg 2ϩ versus activity titration supports this interpretation. The modified Holliday junction would be predicted to require higher Mg 2ϩ concentrations for induction of both types of structural changes. These results suggest that unwinding of a Holliday junction by MER3 is highly sensitive to the conformation at the junction. A somewhat similar inhibitory effect by an excess Mg 2ϩ was also observed with the bacterial RecQ and RecG helicases (47, 48) . Furthermore, combined with the observation that MER3 unwound the Holliday junction substrates more efficiently than the blunt-end dsDNA substrate, the unusual effect of Mg 2ϩ concentration on Holliday junction unwinding raises the possibility that MER3 might initiate unwinding of a Holliday junction from the junction rather than from the ends. Alternatively, unwinding could initiate at the ends, and at 1.5 mM MgCl 2 the Holliday junction could assume a conformation that is much more easily unwound than the linear dsDNA substrates.
Previous studies have suggested that MER3 could act during at least two stages during meiotic recombination. It could either act in the initiation of strand invasion or in extending the length of early heteroduplex recombination intermediates and thus promote the formation of a recombination intermediate required for crossing over, or it could function to promote the resolution of Holliday junctions to yield crossovers (26) . The results presented here provide more detail about how MER3 could act during recombination. The observation that MER3 can unwind dsDNA from blunt ends suggests that MER3 could be involved in unwinding the ends of meiotic double-strand breaks (DSBs) prior to their resection. However, this is inconsistent with the observation that MER3 is not required for resection of meiotic DSBs and suggests that MER3 acts later in recombination such as in promoting strand exchange after the DSBs are resected. The observation that MER3 can unwind Holliday junctions supports the idea that MER3 could act later in recombination by branch migrating Holliday junctions to extend the regions of heteroduplex DNA formed and thus stabilize early recombination intermediates. In this regard, initiation of branch migration by binding to the Holliday junction or by binding to DNA at a distant site followed by translocation to the Holliday junction would both result in similar branch migration. In addition, the ability to unwind Holliday junctions could also reflect a role of MER3 in the resolution of such intermediates. Studies of the interaction between MER3 and the homologous pairing proteins RAD51 (30) and DMC1 (31, 32) and other proteins like the MSH4-MSH5 complex (49), the MLH1-MLH3 and MLH1-PMS1 complexes (50 -53) , and MUS81-MMS4 DNA endonuclease (54) , which may function in either Holliday junction formation or resolution, should shed further light on the function of MER3.
